ABSTRACT: Three of 6 female long-clawed shrews, Sorex unguiculatus Dobson, 1890, collected on the island of Hokkaido, Japan, were found to have unsporulated oocysts and sexual stages (both macro-and microgamonts) in varying stages of development of an unidentified coccidium in both lactating and nonlactating mammary glands. Gamonts developed in the alveoli of the mammary glands, and oocysts were found in the lactiferous ducts and in pools of milk. Mature macrogamonts were 11.9 ϫ 15.2 m (10-14 ϫ 14-20 m), whereas completely developed microgamonts with many gametes were 14.8 ϫ 16.8 m (10-18 ϫ 13-20 m). Oocysts in tissue sections were 19.5 ϫ 13.8 m and had a smooth outer wall that was Ͻ1 m thick. Little histopathology was associated with the infections. Infected cells were enlarged and appeared cloudy, and in some areas there was leucocytic infiltration by macrophages, small and large lymphocytes, neutrophils, and eosinophils. No basophil was seen. We also found sections of a nematode, probably a Mammanidula sp., in sections of an active mammary gland in 1 of the shrews not infected with the coccidium.
The Insectivora (shrews and moles) comprises a unique group of eutherian (placental) animals that, as far as is known, lack a cecum as part of their digestive tract. The order comprises 7 families and 428 species (Hutterer, 1993) . The majority of insectivore species, 312 (73%), are placed in the Soricidae, and the most cosmopolitan and speciose assemblage within the family, Sorex, has 70 extant species. Only 15 Sorex species (21%) have ever been examined for coccidia, and from these, 10 species of intestinal coccidia have been described, including 7 Eimeria and 3 Isospora species (Duszynski and Upton, 2000) . All 10 species were described originally from oocysts found either in the intestinal contents or in the feces (or in both). In only 1 of these 10 species, E. chagasi Yakimoff and Gousseff, 1935 (which Č erná and Daniel [1956] and Č erná [1961] called E. komareki), have intestinal endogenous stages been described. Č erná (1961) found ''gametocytes of various developmental stages . . . mostly in mucous parts (ϭ enterocytes?) of the small intestine,'' with only a few seen in the large intestine.
It was once believed that endogenous stages of coccidia life cycles were confined to epithelial cells of the gastrointestinal tract or its associated ducts and organs, e.g., bile and pancreatic ducts and liver parenchyma. However, there seems to be a growing number of ''exceptions,'' where various endogenous developmental stages have been found in other locations, including cells of the kidney, gallbladder, placenta, uterus, vagina, oviducts, epididymis, seminal vesicles, and lymph nodes (for reviews, see Duszynski and Upton, 2001; Duszynski, 2002) . A single report also is known of a coccidium in mammary glands of shrews. Cable and Conaway (1953) reported at a meeting of the American Society of Parasitologists that they had found ''all stages'' of a coccidium in the mammary glands of S. palustris navigator Richardson, 1828 (northern water shrew), collected in Montana as part of a study on the reproductive cycle of this host species. Of 9 animals they examined, 3 postpartum females were infected, and the coccidium stages ''were found only in lactating individuals whose mammary tissue showed signs of regression.'' No publication has appeared after this paper was presented at the meeting.
As part of a long-standing and continuing collaboration between mammalogists and parasitologists at the University of New Mexico (UNM), numerous insectivores and their coccidia parasites have been collected, identified, and archived for the past 25 yr (see summary in Duszynski and Upton, 2000) . In most instances, hosts were livetrapped in the field using standard pitfall traps; they were then killed, and fecal contents were collected directly from the intestinal tract. In 1981, 10 of 48 (21%) S. unguiculatus Dobson, 1890 collected on the Hokkaido Experimental Research Station, Hokkaido, Japan, had coccidia oocysts of E. fumeus and I. palustris in their feces (reported in Hertel and Duszynski, 1987) . With the knowledge of Cable and Conaway's (1953) abstract at the time of collection in 1981, mammary glands of 6 female S. unguiculatus in this collection were fixed in Lillie formal alcohol (see Humason, 1979) ; these tissues were later embedded in paraffin, sectioned at ϳ7 m, stained in hematoxylin and eosin, and examined under a 100ϫ oil immersion objective lens of a compound microscope. In retrospect, none of these 6 shrews had oocysts in its feces (Hertel and Duszynski, 1987) , but our histological examination, 20 yr later, revealed that 3 of 6 shrews (50%) had coccidia at various developmental stages in their mammary glands (Fig. 1) , and in some instances, we also saw oocysts in the lactiferous ducts of the mammary gland (Fig.  2) .
Two of the 3 infected shrews had inactive mammary glands. Developmental stages were seen in the mammary tissues of 1 of these, but in both animals, oocysts were seen in pools of milk (Fig. 3 ). In the third infected shrew, the mammary gland was active, as evidenced by alveoli distended with milk, and gamonts of a coccidium were seen in the tissue. Where infections were seen, a lobe of the mammary gland was completely involved (Fig. 4 ) and all cells of an alveolus appeared to be infected (Fig. 5) ; examination of the sections of the other lobes of the gland failed to show any infection. All stages of gamogony were seen, from small macrogamonts to nearly completely formed oocysts (Fig. 6 ). There also was a range of developmental stages of microgamonts from those where the darkly staining nuclei allowed them to be identified as microgamonts (Fig. 7) to those with fully formed microgametes (Fig. 8) .
Young microgamonts (n ϭ 10), with few to many scattered (diffuse) nuclei, measured 10.2 ϫ 12.4 m (8-13 ϫ 9-20 m). Nearly mature microgamonts (n ϭ 4), with many nuclei at or very near the periphery, were 12.0 ϫ 15.3 m (10-17 ϫ 12-21 m), and mature microgamonts (n ϭ 5), with many well-formed gametes, were 14.8 ϫ 16.8 m (10-18 ϫ 13-20 m). Macrogamonts (n ϭ 10) were 11.9 ϫ 15.2 m (10-14 ϫ 14-20 m), although a few very young forms, ϳ5 m in diameter, were seen. Wall-forming bodies could be seen in most macrogamonts measured, but they had not yet coalesced at the margins. In a few instances, multiple infections with gamonts were found in 1 cell.
Processing of the tissues for histology caused the oocysts to collapse, but it was clear that they had not yet sporulated. It was possible to obtain an estimate of the size of the oocysts by measuring the space that they occupied in pools of milk in the inactive mammary glands. Oocysts were ellipsoidal and measured (n ϭ 10) 19.5 ϫ 13.8 m and were bounded by an outer wall that was smooth and ϳ1 m thick. Although we recognize the shortcomings of these measurements, they may serve as a guide for future investigations.
Changes in the infected tissues were not striking. In areas such as a whole lobe of the mammary gland, there was a variety of leucocytes in the vicinity of the gamonts. Macrophages, lymphocytes, both small and large, and polymorphonuclear leucocytes were present. Among the polymorphs, eosinophils predominated with a lesser number of neutrophils, but no basophil was recognized. There was no hemorrhage in the vicinity of the gamonts or the infected lobe.
One might reason that infection of the mammary gland would ensure transmission of a parasitic agent to the offspring, as is the case in hookworms of fur seals, Uncinaria lucasi (Olsen and Lyons, 1965) , or Ancylostoma caninum of dogs (Kalkoven, 1987) . However, despite the oocysts having collapsed during processing, it could be seen clearly that they had not undergone endogenous sporulation. We know that sporulation does take place in the intestinal tracts of the hosts of some coccidia species, especially in snakes and fish, so it is not without precedent. In this cycle, nursing offspring could pass unsporulated oocysts through their intestinal tracts, and the oocysts could then sporulate to be infective for either adults or young. Alternatively, invertebrates in FIGURES 1-8. Photomicrographs of tissue sections of mammary glands from the long-clawed shrew, Sorex unquiculatus. 1-3. Bar ϭ 20 m. 4-8. Bar ϭ 10 m. 1. Low power of mammary gland with numerous coccidia developmental stages. 2. Oocysts in the lactiferous ducts of the mammary gland. 3. Oocysts (arrowheads) in pools of milk. 4. Gamonts (arrowheads) and empty oocysts (*) in an active mammary gland; note that the entire lobe of the gland seems to be involved. 5. An alveolus of an active gland; note that all cells appear to be infected even though sections of the other lobes of the gland failed to show any infection. 6. All stages of gamogony were seen, from small macrogamonts (arrowheads) to nearly completely formed oocysts (arrow). 7. Early microgamont with darkly staining nuclei (arrowhead). 8. Mature microgamont with fully formed microgametes (arrowhead). the nests of the shrews might ingest sporulated (or unsporulated?) oocysts and serve as intermediate or transport hosts for this parasite.
Merogony was not seen in the mammary tissues, and no developmental stage of coccidia was seen in the small intestines. Cable and Conaway (1953) reported all stages, but we have not been able to find their material and verify their report. Our observation that a whole lobe of mammary gland was infected with gamonts implies that merogony occurred there, but no merogonous stage was seen. In other words, the concentration of gamonts implies that a large number of merozoites either developed in the vicinity or reached there almost simultaneously. Because no meront was seen in the tissues, the former is unlikely. If the latter is the case, how would the merozoites all colonize a single lobe or alveolus? Thus, it is unclear where merogonous stages may develop.
Because oocysts did not sporulate in the mammary tissues, it is impossible to know the genus (genera?) of the parasites seen by Cable and Conaway (1953) in S. palustris navigator from Montana or those that we found in S. unguiculatus from Hokkaido, Japan. This important piece of information awaits a more systematic study and the discovery of sporulated oocysts. The finding of apparently closely related coccidia in members of the same host genus, in North America and in Asia, is intriguing. Further life history studies will reveal whether this is coincidental or whether there exists a unique transmission strategy of coccidia in these mammalian hosts.
Finally, we noted sections of a nematode (or more than 1?) at the margin of the gland, probably in a lactiferous duct, in an active mammary gland of 1 shrew that was not infected with gamogonous stages of the coccidium. In this gland, all the alveoli were well distended with milk and obviously secreting. Given the features of the worm, including the musculature type and especially the spinelike cuticular ridges, the worms are likely trichostrongylids, most likely of a Mammanidula species, known to be parasites of the mammary glands of Old World insectivores and rodents (M. L. Eberhard, pers. comm.).
Thanks are due to C. Schmidley, who prepared the slides of shrew mammary tissue for observation, and M. L. Eberhard, CDC, Atlanta, Georgia, for giving us his best-guess identification of the nematode tissue sections. We thank the following former students of the Department of Biology, UNM, and the Primate Research Institute (PRI), Kyoto University, Japan, for their help in the field collecting and processing shrews: S. B. George, D. W. Moore, D. W. Reduker (deceased), Hidetoshi Ota, Hidetoshi Nagamasu, and Hirokuni Noda. We are indebted to T. Setoguchi and his colleagues of the PRI for logistic and moral support in Japan. A National Science Foundation (NSF) grant (DEB-8004685) to T. L. Yates (UNM) supported the field trip and collecting expedition to Japan. Finally, this study also was supported, in part, by an NSF-PEET grant (DEB-9521687) To determine the persistence of Hepatozoon americanum in a naturally infected dog, skeletal muscle biopsies were performed at approximately 6-mo intervals over a period of 5.5 yr, and the samples were examined for presence of lesions of American canine hepatozoonosis (ACH). Nymphal Amblyomma maculatum (Gulf Coast tick) were allowed to feed to repletion on the dog periodically over the 5.5-yr period, and adult ticks were dissected and examined for presence of H. americanum oocysts. With 3 exceptions, the biopsied muscle contained lesions characteristic of ACH; no evidence of infection was found at 36, 54, and 67 mo after the original diagnosis. In every instance, nymphal Gulf Coast ticks became infected, indicating that dogs naturally infected with H. americanum can remain infectious for Gulf Coast ticks for at least 5.5 yr. Skeletal muscle biopsy is a reasonably reliable method of determining whether dogs are infected with the parasite. Xenodiagnosis using nymphal Gulf Coast ticks is an even more sensitive method, but the procedure is practicable only experimentally. Design of prevention and control measures for ACH must take into account knowledge that the parasite can survive in dogs, and presumably other vertebrate host(s), for long periods. Preventing ingestion of Gulf Coast ticks is an effective control measure. to seek information on prevention, control, and treatment. Awareness of the increasing prevalence and geographic distribution of the disease in southeast and south-central United States continues to expand in the veterinary medical community . Realization that the Gulf Coast tick, Amblyomma maculatum, rather than the more widely distributed brown dog tick, Rhipicephalus sanguineus, transmits the parasite has raised questions about the epidemiology of the disease. Unlike most vector-borne agents, H. americanum enters the vertebrate host when the host ingests the arthropod that harbors infective stages. Thus, the tick acquires infection by feeding on a parasitemic dog, but under natural conditions the dog must ingest an infected tick to acquire ACH (Ewing et al., 2000) . Although the ''natural cycle'' of H. americanum remains a mystery because of the lack of information about the vertebrate host range of the parasite, laboratory confirmation of the apparently narrow invertebrate host range of this apicomplexan has helped focus epidemiologic questions (Ewing, Mathew et al., 2002) .
An important aspect of the epidemiology of any infectious disease is the ability of the causative agent to persist in convalescent hosts, thereby creating reservoirs. In this article, we report the ability of H. americanum to persist in a naturally infected dog that had recovered from clinical disease.
A male mixed-breed dog (#3048), approximately 2 yr old, was donated (in a moribund state) to the Oklahoma State University College of Veterinary Medicine (OSU/CVM) in December 1996. The owner had recently found the dog as a stray in northeastern Oklahoma and presented it to a veterinarian, who suspected ACH and contacted us. Diagnosis of ACH was confirmed by muscle biopsy . The characteristic cysts in the muscle were relatively small, suggesting a reasonably recent infection. Under our supervision, personnel in the Laboratory Animal Care Unit (LAR) at OSU/CVM nursed the dog back to health. Treatment involved supportive therapy and pain control with aspirin. Antimicrobial medication was not used. Since recovery, the dog has been maintained by LAR in a tick-free environment.
After clinical recovery, specific pathogen-free, laboratory-reared ticks were periodically allowed to feed on the animal. Companion ticks were not fed on other dogs to serve as negative controls. However, numerous adult A. maculatum from the tick colony were dissected in connection with another study of hepatozoonosis (Mathew et al., 2001 ). Among at least 150 adult ticks reared in the same laboratory and dissected over a period of several months to a few years, no oocyst was found. Over a period of time, it was determined that, among several candidate ixodids, only the Gulf Coast tick could acquire H. americanum by taking a blood meal from the dog (Ewing, Mathew et al., 2002) . The study reported here involved sequential muscle biopsy followed, in most instances, by an attempt to infect nymphal Gulf Coast ticks by allowing nymphs to ingest a blood meal from the dog. Samples from multiple sites of the major muscles of limbs were biopsied under the direction of a board-certified surgeon using standard techniques (Amann, 1998) .
Nymphal A. maculatum purchased from the Oklahoma Agricultural Experiment Station tick-rearing facility were allowed to feed on the dog using methods described previously . In brief, nymphs were placed on the dog, whose cage was placed over a water moat. As the replete nymphs left the host after 5-7 days, they were collected from the moat multiple times each day and held in a humidity chamber until they molted. Beginning about 40 days after tick feeding was completed, recently molted adult ticks were dissected and examined for H. americanum oocysts, using methods described previously (Ewing, DuBois et al., 2002) .
Results of 15 skeletal muscle biopsies and 13 tick-feeding studies conducted over approximately 5.5 yr are summarized (Table I) . In brief, all but 3 biopsies were positive; i.e., lesions characteristic of ACH were found. Every attempt to infect nymphal Gulf Coast ticks was successful.
The results of this study indicate that dogs that recover from ACH can remain carriers of H. americanum for extended periods, in this dog, at least 5.5 yr. Our study does not identify an end point for survival of the parasite in dogs, but we do not plan to continue the semiannual biopsy schedule any longer. The dog remains in good physical condition and will be maintained in a tick-free environment for the indefinite future. As need for H. americanum oocysts for our experimental studies arises, we will continue to expose the dog to immature ticks so long as his condition is good and his blood remains infectious for A. maculatum.
Although ACH is often a debilitating and frequently fatal disease, our study demonstrates that clinical recovery can occur and that asymptomatic convalescent carriers can remain infectious for several years. Under natural conditions, ticks must ingest leukocytes that contain gamonts to become infected. A difference between ACH and Old World hepatozoonosis is that very few gamonts are found in circulating leukocytes of dogs with ACH. The low parasitemia that characterizes infection with H. americanum makes diagnosis by examination of stained blood films problematic, and we did not routinely conduct such examinations. Xenodiagnosis is not practicable other than experimentally, of course, but the results of our study demonstrate that even when the existing gold standard of diagnosis, muscle biopsy, fails to reveal parasites in an infected dog, Gulf Coast ticks can readily acquire infection.
Although blood of the dog we studied was infective for nymphal Gulf Coast ticks for more than 5 yr, we speculate that dogs likely are not important reservoir hosts for this apicomplexan. This belief is based on knowledge that, under natural conditions, the dog is not a favored host for any feeding stage of the Gulf Coast tick. Other studies from our laboratory have shown that larvae of this species will also feed to repletion on dogs, but this behavior, likewise, is not known to occur naturally (Ewing, DuBois et al., 2002) . The host range of larval and nymphal Gulf Coast ticks under natural conditions includes birds, especially meadowlarks, and small mammals, which thus are potential reservoir hosts.
Until the vertebrate host range of H. americanum is better known, the epidemiology of ACH will remain obscure and a matter of speculation. Studies in Oklahoma have shown that rural dogs, especially in the eastern half of the state, where A. maculatum is endemic, are at risk for ACH (Ewing et al., 2000) . We have confirmed more than 50 cases in dogs since the first diagnosis was made in July 1995 (Panciera et al., 1997) . It is not known whether dogs are more often infected by grooming ticks from their coats or by ingesting ticks that are feeding on prey that they capture and eat. Either scenario could account for naturally occurring ACH, and we have no basis to favor one over the other.
We are at a loss to account for the upsurge in cases of ACH in Oklahoma. The disease was recognized in the Texas Gulf Coast region 20 yr before the first case was reported from an Oklahoma dog . The disease has also been diagnosed repeatedly in Ala-bama and western Georgia and somewhat less commonly in other parts of the Southeast (Macintire et al., 1997) . Gulf Coast ticks are known to have extended their range to several hundred kilometers inland after having once been restricted to within approximately 160 km of the Gulf Coast; factors contributing to that spread are not known. Studies from our laboratory suggest that Gulf Coast ticks are essential for the spread of H. americanum, but it remains to be determined whether other host(s) can be involved in the endemic cycle.
Studies in Texas and Oklahoma have demonstrated that coyotes are naturally infected with a parasite that is morphologically indistinguishable from H. americanum (Davis et al., 1978; Kocan et al., 1999 Kocan et al., , 2000 . It is tempting to conclude that coyotes are the natural vertebrate host and that the parasite alternates between this wild canid and Gulf Coast ticks, with spread occurring when coyotes groom ticks from their bodies. It is equally plausible, however, that coyotes acquire infection by ingesting prey that harbor infected A. maculatum; e.g., larval or nymphal ticks could become infected when taking a blood meal from animals yet to be identified as hosts of H. americanum, and coyotes subsequently ingest prey parasitized by nymphal or adult ticks that harbor infective oocysts. It has been shown that larval Gulf Coast ticks can acquire H. americanum by feeding on parasitemic dogs and that newly molted nymphs harbor mature oocysts that contain infectious sporozoites (Ewing, DuBois et al., 2002) . Given that the host range of immature A. maculatum is not well known, but does include both mammals and birds, very broad studies of wildlife species are needed to discover the natural cycle of H. americanum.
Dogs in Oklahoma, and elsewhere that Gulf Coast ticks abound, are at risk for ACH. Results of the present study indicate that dogs can be long-term carriers of H. americanum and thus are potential reservoir hosts. However, the behavior of Gulf Coast ticks, including host preference of immature stages, argues against dogs being important reservoir hosts. Discovery of the ''normal'' endemic cycle of H. americanum should be pursued; elucidation of the cycle is the key to designing successful prevention and control strategies for ACH.
This study was supported in part by the Wendell H. & Nellie G. Krull Professorship in Veterinary Parasitology, Oklahoma State University. The authors thank Diana Moffeit for assistance with manuscript preparation. ABSTRACT: A soluble antigen isolated from Eimeria stiedai merozoites with a molecular mass of 49 kDa was detected in the bile of infected rabbits. Rabbits immunized with the antigen shed a lower number of oocysts than did nonimmunized rabbits postchallenge (p.c.). The immunized rabbits showed a marked and transient increase of alanineaminotransferase (ALT) activity on day 8 p.c. The blood indocyanine green (ICG) clearance and r-glutamyltransferase (GGT) activity showed no change throughout the experiment. However, nonimmunized rabbits showed a gradual increase of ALT and GGT in the plasma and a delay of ICG p.c. Many merozoites were observed in the biliary ducts of the nonimmunized rabbits on day 8 p.c. using standard histology. In contrast, in the immunized rabbits, many inflammatory cells were observed around the biliary ducts, but there were few parasites in the tissue. These results suggest that the 49-kDa soluble protein antigen detected in the bile of the infected rabbits was a merozoite-specific antigen, and the immune reaction to the antigen may induce protective effects against the infection.
Eimeria stiedai invades and develops in hepatobiliary epithelial cells of domestic rabbits and causes intensive cholestasis and biliary cirrhosis. In a previous study, we observed that E. stiedai soluble antigens with molecular masses of 32, 37, and 49 kDa were present in the bile of infected rabbits and that rabbits immunized with this bile combined with a cholera toxin (CT) by intranasal inoculation showed resistance to the infection (Omata et al., 2001) . Immunological assay using the sera of rabbits immunized with the bile and an absorption test with E. stiedai sporozoites suggested that the 37-and 49-kDa antigens were specific to merozoites and that they may be released from the parasites in the host cell invasion process. However, the mechanisms of resistance to the infection remain unclear. To confirm the protective effects, it is also necessary to examine whether liver damage occurs in the immune and nonimmune rabbits during the infection.
It is known that an increase of alanine-aminotransferase (ALT) in the plasma is associated with the damage caused by hepatocyte cytolysis and that an increase in r-glutamyltransferase (GGT) reflects the obstruction of bile in the biliary ducts. The blood kinetics of indocyanine green (ICG) is an indicator of function concerning the ability to excrete the dye into the bile (Gomez-Bautista et al., 1987) . In the present study, we examined the livers and the biliary disorder of rabbits immunized with the 49-kDa soluble antigen postchallenge (p.c.) . To analyze the functional disorder, the histopathological change in the liver tissue was also observed in the experimental infection.
Female rabbits weighing 500-700 g were purchased from Bio Tech Co. Ltd (Torisu, Saga, Japan). The rabbits were kept in individual isolated cages and fed only dry animal food (Japan CLEA, Tokyo, Japan) throughout the experiments. The absence of E. stiedai and other coccidian oocysts before the experiments was confirmed by fecal examination. Rabbit biliary epithelial cells were isolated by a method described elsewhere (Njenga et al., 1999) . The cells were cultured in Dulbecco's modified medium (GIBCO BRL, Grand Island, New York) containing 10% fetal bovine serum at 37 C in a 5% CO 2 atmosphere.
Eimeria stiedai oocysts were collected from the feces of the infected rabbits by sucrose floatation. Sporozoites were prepared as described elsewhere (Omata et al., 2001 ). Merozoites were obtained from the bile of the infected rabbits by 40% Percoll-sucrose centrifugation, washed 3 times by centrifugation at 1,200 g for 10 min in phosphate-buffered saline (PBS), and stored at Ϫ80 C until use. Bile of E. stiedai-infected rabbits was obtained as described previously (Omata et al., 2001) .
The 49-kDa antigen was isolated from the merozoites by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Approximately 10 mg of the merozoites was suspended in 100 l SDS-PAGE sample buffer (0.125 M Tris-HCl, pH 6.8; 4.6% SDS; 10% 2-mercaptoethanol; 20% glycerol), treated at 95 C for 5 min, and centrifuged at 12,000 g for 10 min. The supernatant was fractionated by SDS-PAGE using a 10% gel, and the separated proteins were electrically eluted from the gel strip. The antigenicity and molecular mass of the eluted protein were confirmed by immunoblotting as described below. The amount of protein in the sample was measured using a total protein assay kit (Coomassie Plus Protein Assay Reagent Kit, Pierce Chemical Co. Rockford, Illinois).
The antibody reactivity against E. stiedai parasites was performed by an indirect immunofluorescence antibody test (IFAT) as described by Omata et al. (2001) . Briefly, sporozoites, merozoites, and biliary epithelial cells were fixed with PBS containing 1% paraformaldehyde at 4 C for 15 min, and each parasite-cell suspension was dropped onto a glass slide and stored at Ϫ80 C until use. The serum from infected rabbits or from immunized rabbits serially diluted 4-fold in PBS was applied to the glass slide for 1 hr at 37 C. After washing with PBS, fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Jackson Immuno-Research Laboratories, Inc. West Grove, Pennsylvania), diluted 200-fold in PBS, was applied for 1 hr at 37 C.
Immunoblotting assay was done as described by Omata et al. (2001) . Briefly, 10 l of the sample eluted from the gel strip was suspended in the same volume of SDS-PAGE sample buffer and incubated at 95 C for 5 min. Then, 10-l samples were subjected to SDS-PAGE using 10% gel, and the proteins were transblotted onto a polyvinylidene difluoride microporous membrane (Millipore Inc., Tokyo, Japan). The transblotted membranes were blocked in PBS containing 3% bovine serum albumin (PBS-BSA) and immersed in the serum from infected rabbits or from immunized rabbits diluted 100-fold in PBS-BSA. After washing in PBS containing 0.025% Tween 20, the membranes were allowed to react with horseradish peroxidase-conjugated Protein-A diluted 1,000-fold in PBS-BSA (Bio-Rad Ltd., Hercules, California) at 4 C for 18 hr. The antibodies were detected by means of the peroxidase reaction. The molecular mass of the electrophoresed proteins was estimated from the running distance compared with molecular weight markers (broad-range molecular weight markers; Bio-Rad). To determine whether the epitope recognized by the tested sera was a protein or carbohydrate moiety, transblotted membranes were pretreated with either 25 mM sodium metaperiodate in a 50 mM sodium acetate buffer at pH 4.3 for 1 hr at room temperature in the dark or with protease at 0.5 mg/ml in a 50 mM Tris-HCl buffer at pH 7.5 for 1 hr. After this treatment, the membranes were incubated with the antiserum as described above.
In experiment 1, 6 rabbits were assigned to 3 groups of 2 rabbits each. The rabbits in group A were inoculated intramuscularly in the back, with 0.5 ml of the isolated 49-kDa antigen (approximately 100 g protein/ml) emulsified with the same volume of adjuvant (TiterMax Gold, CytRX Corp., Norcross, Georgia). They were also intranasally administered a mixture of 50 l of the 49-kDa antigen and the same volume of PBS containing 10 g of CT (List Biological Laboratories Inc., Campbell, California) on days 0, 14, and 28. The rabbits in group B were inoculated with the bile from infected rabbits in the same volume of adjuvant. The rabbits in group C were inoculated with PBS in the same volume of adjuvant. Furthermore, the rabbits were intranasally administered a mixture of either the bile or PBS and CT, following the same protocol as was followed in group A. Seven days after the final booster injection, the rabbits were challenged orally with 5 ϫ 10 4 oocysts, and the prepatent period of oocyst shedding, the number of shed oocysts, and the duration of oocyst shedding were monitored until day 32 p.c. Blood was obtained from the rabbits from the cervical vein on days 0, 8, 16, 24, and 32 p.c. by using heparinized syringes. The plasma was separated by centrifugation at 1,200 g for 10 min and stored at Ϫ30 C until use. The enzyme activity assessment of hepatobiliary and liver functions was performed by the following laboratory tests: blood ICG kinetics by intravenous inoculation of ICG (Daiichi-Seiyaku, Ltd., Tokyo, Japan), ALT activity, and GGT activity in the plasma. The tests were performed using a Vet-Test assay kit (IDEXX, Tokyo, Japan).
In experiment 2, 2 rabbits from each group were killed with an overdose of pentbarbital solution on days 0, 8, and 48 p.c. At necropsy, the liver was fixed in 10% phosphate-buffered formalin. The tissues were processed and embedded in paraffin wax by routine procedures. The sections were stained with hematoxylin and eosin (HE). For detection of E. stiedai antigens, selected paraffin-embedded sections were deparaffinized, hydrated, and trypsinized in 0.1% (w/v) trypsin solution (pH 7.8) for 20 min at 37 C. After inactivation of endogenous peroxidase activity and incubation with normal rabbit serum, the sections were incubated with the E. stiedai-infected rabbit serum (1:1,000) for 30 min at 37 C. Immunohistochemical staining was performed using a Vectestain ABC kit (Vector Laboratories, Inc., Burlingame, California).
As shown in Figure 1a , the isolated 49-kDa antigen was recognized in 1 band by SDS-PAGE. In immunoblotting, the serum of rabbits immunized with the isolated material showed antibody reactivity to the 49-kDa protein of E. stiedai merozoites and a similar molecular mass of antigens in the bile of the infected rabbits. On the lane of sporozoites and the bile of noninfected rabbits, no specific band was detected (Fig.  1b) . Treatment of the membrane with periodate had no effect on the antibody reactivity to the band. However, treatment of protease reduced the antibody reactivity (data not shown). In IFAT, the serum of rabbits immunized with the 49-kDa protein showed specific fluorescence to merozoites up to 1:4,096 but showed the fluorescence to sporozoites below 1:16. The specific fluorescence seemed to be located on the apical end of the merozoites (Fig. 1c) . After absorption with the bile of the infected rabbits, antibody reactivity to merozoites decreased to 1:64. On the other hand, after absorption with the bile of the noninfected rabbits, the antibody reactivity to merozoites remained up to 1:1,024. The serum showed no reactivity to the living merozoites. To determine the significance of the 49-kDa protein as a protective antigen, the rabbits immunized with either the bile or the antigen were monitored to assess the protective activity against E. stiedai p.c. (Fig. 2) . All the rabbits shed oocysts from days 16 to 40 p.c. The number of oocysts shed per day by the rabbits in group C was more than 10 8 between days 20 and 30 p.c. The total number of oocysts shed was 91 ϫ 10 8 . In contrast, the number of oocysts shed per day in groups A and B was below one- FIGURE 2. Number of oocysts in the feces of rabbits in groups A, B, and C p.c. Group A-1, A-2: rabbits immunized with 49-kDa antigen; group B-1, B-2: rabbits immunized with the bile of infected rabbits; group C-1, C-2: rabbits inoculated with PBS. FIGURE 3. Kinetics of ICG clearance, plasma levels of ALT, and plasma levels of GGT in the rabbits of the control group and the immunized rabbits p.c. Group A-1, A-2: rabbits immunized with 49-kDa antigen; group B-1, B-2: rabbits immunized with the bile of infected rabbits; group C-1, C-2: rabbits inoculated with PBS. tenth of the number in group C. The total number of oocysts in groups A and B were approximately 0.12 ϫ 10 8 and 9.5 ϫ 10 8 , respectively.
The blood ICG kinetics is represented by the half-life (min) in Figure  3 . The half-life of the blood ICG of all the rabbits before the challenge was between 2.5 and 3.5 min. The half-life of the blood ICG of the 2 rabbits in group C (nos.1 and 2) on day 8 p.c. was delayed at 4.5 and 5.2 min, respectively. However, the half-life of the blood ICG of the rabbits in groups A and B was between 2.5 and 3.5 min throughout the experiment. In the plasma of the rabbits in groups A and B, ALT activity increased transiently on day 8 p.c. The plasma level of the rabbits in group A was approximately 4 times higher than the level on the day before the challenge (35 Ϯ 3 units/L). The plasma level in the rabbits in group C showed a tendency to increase between days 16 and 24 p.c. and then decreased to a lower level (C-1, 12 units/L; C-2, 15 units/L) than that on the day before the challenge. In all the rabbits, GGT activity increased on day 16 p.c., and some of them continued to exhibit the high level upto day 24 p.c. The increase of GGT activity of the rabbits in group C was relatively higher than in groups A and B.
The histopathology changes in the liver tissue were also observed in all 3 groups. Before the challenge, no tissue damage was detectable in any of the rabbits. However, on day 8 p.c., in the liver of the rabbits in group C, a number of intracellular merozoites were detected in the biliary ducts, and a few lymphocytes and leukocytes were detected in the submucosa (Fig. 4a) . On day 48 p.c., the biliary ducts were expanded, and a number of sporoblasts were found in the ducts. Many lymphocytes had migrated to the submucosa (Fig. 4c) . In contrast, on day 8 p.c., in the livers of the rabbits in groups A and B, an inflammatory reaction was observed around the biliary ducts (Fig. 4b) . Many lymphocytes and leukocytes had migrated to the submucosa, but few parasites were found there. On day 48 p.c., no parasite and few inflammatory signs were detected in the biliary ducts (Fig. 4d) .
FIGURE 4. (a) Liver section of rabbit in group C on day 8 p.c., ϫ200. The section was reacted with rabbit anti-Eimeria stiedai antiserum; arrow indicates a number of merozoites. (b) Liver section of rabbit in group C on day 48 p.c. HE stained, ϫ60. The biliary duct is expanded, and many oocysts (arrow) are found. (c) Liver section of rabbit in group A on day 8 p.c., ϫ100. The section was reacted with serum of a rabbit anti-E. stiedai antiserum. Many lymphocytes and leukocytes (arrow), but few parasites are found around the biliary ducts. (d) Rabbit in group A on day 48 p.c. HE stained, ϫ60. The arrow indicates the biliary duct.
Our results indicated that the 49-kDa soluble antigen was specific to the merozoites and that the antigen was located inside the membrane at the apical end. These findings were consistent with observations in a previous study (Omata et al., 2001) , and it seems that the 49-kDa antigen is located on the microneme of the merozoites. Several apicomplexan parasites have micronemal proteins, which play important roles in gliding motility on solid substrates (in the case of those recognized as trail antigens) or in the penetration of host cells (Sibley et al., 1998) . The microneme proteins have been found to conserve structural domains (Tomley and Soldati, 2001) . However, in the present study, we have no data to show the molecular or genetic characteristics of the 49-kDa antigen. To clarify the similarity and specificity between these antigens, it will be necessary to determine the amino acid sequences of the 49-kDa antigen.
Immunization with the 49-kDa antigen provided protection against the infection. In immunized rabbits, GGT activity and ICG clearance activity showed no change throughout the experiment. This means that the rabbits had no cholestasis in their biliary ducts. Interestingly, a transient increase of ALT activity in the rabbits was observed on day 8 p.c. Histology of the rabbits revealed inflammatory reactions around the biliary ducts. These results suggest that hepatocellular damage may have occurred in the immunized rabbits. They also suggest that the inflammatory reaction around the biliary ducts may have inhibited the parasite's development. To clarify this hypothesis, further study is necessary to determine the immune responses to the 49-kDa antigen in the infection.
This work was supported in part by a Grant-in-Aid for Scientific Research (B) from the Ministry of Education, Science, Sports, and Culture, Japan. Moravec and Nagasawa, 1989 and Rhabdochona coronacauda Belouss, 1965 (Spirurida: Thelazioidea: Rhabdochonidae) were found in mayfly nymphs collected in a mountain stream in Japan. Considering the relative density of mayfly nymphs, nematode prevalence, and intensity of parasitism, Ephemera strigata Eaton and Potamanthus formosus Ulmer (Ephemeroptera: Ephemeridae) are frequent natural intermediate hosts for R. d. honshuensis in this locality. The intermediate host of R. coronacauda also is the E. strigata nymph.
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Nematodes in the genus Rhabdochona Railliet, 1916 (Spirurida: Thelazioidea: Rhabdochonidae) are parasites found in the digestive tracts of freshwater fishes. In this genus, eggs are deposited, and they hatch after they have been ingested by their intermediate hosts. The definitive hosts ingest infected intermediate hosts (Moravec, 1972 (Moravec, , 1976 . The larvae of some species have been recorded in mayflies and infrequently in stoneflies (Plecoptera) and caddisflies (Trichoptera) (Gustafson, 1939 (Gustafson, , 1942 Shtein, 1959; Vojatkova, 1971; Moravec, 1972 Moravec, , 1976 Moravec, , 1977 Moravec, , 1989 Moravec, , 1995 Byrne, 1992; Barger and Janovy, 1994; Shimazu, 1996) .
In Japan, adult Rhabdochona denudata honshuensis Moravec and Nagasawa, 1989 Moravec et al. (1981) from the cyprinid Opsariichthys uncirostris (Schlegel) in Japan. Another definitive host is the catfish Liobagrus reini Hilgendorf (Moravec and Nagasawa, 1998) . The intermediate hosts of R. coronacauda remain unknown.
Mayfly nymphs were collected in the Takami River (the Yoshino River drainage system), Higashi-Yoshino, Nara Prefecture, central Japan, from June 1997 to May 1998. The mayfly nymphs were identified to species following the study by Gose (1985) . They were dissected under a stereoscopic microscope to look for nematode infection. Drawings were made with the aid of a Nomarski interference microscope drawing attachment. Scanning electron microscopy (SEM) was used to observe organs that were too small to be seen with the optical microscope. Fourth-stage juveniles of R. denudata and R. coronacauda were found in E. strigata Eaton. Voucher specimens of these nematodes and the E. strigata nymphs were deposited in the Lake Biwa Museum, Kusatsu City, Shiga Prefecture, Japan (accession nos. LBM Misc. Invert. FY2002-24 and LBM Aq45-47).
Rhabdochona denudata juveniles were found in the host hemocoel ( Fig. 1 ; for measurements, see Table I ), where they formed spiral coils in thin-walled, hyaline, lens-shaped capsules. The body resembled that of the adult nematode. The cuticle is smooth, and the head end is rounded. Deirids are situated at midvestibule and are less than 1 m in length and are observable only by SEM. The sclerotized vestibule (stoma) is straight and narrow, and it widens at the anterior end to form a funnelshaped prostom. The esophagus is rather long, and is clearly divided into an anterior, shorter, narrower, muscular portion and a posterior, much wider glandular portion. The tail is conical and pointed at the tip without any caudal accessories. The presence of the vulva, vagina, tubular ovaries, and uterus characterized female juveniles, and some had many eggs in their ovaries. All 10 nematodes observed were female; the male characteristics in the larval stage remain unknown. Mori et al. (1998) reported that the prevalence of R. denudata in the fish definitive host, Z. temmincki, increased from spring to early summer. This shows that the intermediate hosts were present at that time. Twenty-eight species of mayfly nymphs were collected in April, June, July, and August 1997 using a Surber net sampler (30 ϫ 30 cm; mesh size, 350 m) to determine the prevalence and mean intensity of infection of fourth-stage juveniles of R. denudata in mayfly nymphs. In most cases, E. strigata were parasitized by R. denudata (n ϭ 59; prevalence, 55.9%; mean intensity, 2.6) ( Table II) . In addition to E. strigata, nymphs of 4 species of mayfly were infected with R. denudata: Potamanthus formosus Ulmer, Siphlonurus binotatus Eaton, Choroterpes trifurcata Uéno, and Ephemerella setigera Bajkova. Considering the abundance of nematodes in each mayfly species (prevalence ϫ mean intensity ϫ number of mayflies), it is thought that P. formosus is the most important intermediate host of this nematode. In light of the mayfly life cycle and the sampling period, however, the relative density of E. strigata nymphs was underestimated in these months. Although E. strigata is an annual species and emerges during a short period in late spring, few nymphs were collected in the stream from June to August because of their small size in early instars. Conversely, P. formosus emerges during summer. Considering the relative density of mayfly nymphs, nematode prevalence, and intensity of parasitism, E. strigata and P. formosus seem to be the main natural intermediate hosts in this locality.
Rhabdochona coronacauda were found in the host hemocoel ( Fig. 2 ; for measurements, see Table I ), where they formed spiral coils in thinwalled, hyaline, lens-shaped capsules that were smaller than those of R. denudata juveniles. The body resembled that of the adult nematode, but the organs were not developed except for the intestine. Deirids are situated at midvestibule. They are less than 1 m in length and observable only by SEM. The cuticle is smooth and the head end is rounded. The tail is conical, with an undetermined number of minute processes encircling its truncated tip to form the corona (Fig. 3) . Although the shape of the corona varied among individuals, each process was sharper than that of the adult. The presence of the vulva and vagina characterized female juveniles. All 11 nematodes observed were female, and male characteristics in the larval stage remain unknown.
Of the mayfly nymphs collected in April, June, July, and August 1997, fourth-stage juveniles of R. coronacauda were found mostly in E. strigata nymphs (n ϭ 59; prevalence, 18.6%; mean intensity, 3.2) (Table II) . Besides E. strigata, nymphs of E. setigera were infected with R. coronacauda. Considering the relative density of mayfly nymphs, nematode prevalence, and intensity of parasitism, E. strigata seems to be the main natural intermediate host in this locality.
We thank Dr. Frantisec Moravec (Institute of Parasitology, Academy of Sciences of the Czech Republic) for assisting with the identification of these nematodes.
---, AND ---. 1998 The ability of Cryptosporidium meleagridis to produce patent infection was studied in adult C57BL/6 mice that were immunosuppressed with dexamethasone phosphate provided in the drinking water at a dosage of 16 g/ml. Four days after the onset of immunosuppression, mice were orally challenged with 1, 3, 10, or 1,000 C. meleagridis TU1867 oocysts per mouse. The mice were monitored daily for 18 days postinoculation for oocyst shedding. Five of 10 mice given a single oocyst, 4 of 5 mice given 3 oocysts, and all 9 mice given either 10 or 1,000 oocysts became infected and began shedding oocysts 5-7 days after challenge and continued to shed oocysts until the end of the experiment on day 18 postchallenge. Approximately 10 7 oocysts per mouse per day were excreted, regardless of the challenge dose. Neither the noninfected, immunosuppressed nor the inoculated, nonimmunosuppressed control mice shed oocysts. The excreted oocysts were confirmed to be those of C. meleagridis by polymerase chain reaction-restriction fragment length polymorphism analysis. We show that C. meleagridis, originally classified as an avian pathogen but recently found in humans with cryptosporidiosis, can produce patent infection in mice infected with a single oocyst. Moreover, we demonstrate that the immunosuppressed C57BL/6 adult mouse is an ideal host for the propagation of clonal populations of C. meleagridis isolates for laboratory studies.
Cryptosporidium spp., a coccidian protozoan parasite, is a major cause of diarrheal disease in humans and other animals worldwide. Whereas infection is usually self-limiting in immunocompetent individuals, it can be life threatening in immunocompromised individuals (Fayer et al., 1997) . Currently, there is no effective treatment against the infection in humans and other animals . In recent years, there has been an increased awareness of the waterborne transmission of this parasite as a result of several recent outbreaks in the United States, including the 1993 outbreak in Milwaukee, Wisconsin, where over 400,000 people were infected with Cryptosporidium parvum (Mackenzie et al., 1994) . Cryptosporidium parvum remains the major Cryptosporidium species that infects mammals including humans and comprises 2 major genotypes Morgan et al., 1999) . Other species of Cryptosporidium, including C. meleagridis, have also been isolated from humans (Pieniazek et al., 1999; Morgan et al., 2000; Pedraza-Díaz et al., 2000; Sreter et al., 2000; Guyot et al., 2001) . Cryptosporidium meleagridis was first isolated in turkeys in 1955 and was thought to infect only avian species (Slavin, 1955) . However, a recent study reported that the causative agent of avian cryptosporidiosis was more likely to be C. baileyi and not C. meleagridis (Sreter and Varga, 2000) . For laboratory studies, C. meleagridis is routinely propagated in young chicken or turkey poults. Our laboratory has also propagated C. meleagridis in gnotobiotic piglets and interferon-gamma knockout mice (␥GKO; Akiyoshi et al., in press ). The establishment of infection and propagation of C. meleagridis in mammalian hosts is a biological curiosity because it is the only known species that consistently infects several avian and mammalian species. The association with human cryptosporidiosis elevates C. meleagridis to a pathogen that warrants further investigation.
In this study, we report the infection of immunosuppressed adult C57BL/6 mice with a single C. meleagridis TU1867 oocyst using the dexamethasone phosphate (DEXp) immunosuppression model originally used to study C. parvum infections (Yang and Healey, 1993; Yang et al., 2000) . Thirty-two female C57BL/6 mice, aged 6-8 wk, obtained from Jackson Laboratories (Bar Harbor, Maine), were randomly divided into 6 groups. In groups 1-3, mice were housed individually in microisolators, whereas in groups 4-6, 4 mice were housed per microisolator. All manipulations were done in a Class II biological safety cabinet, and the microisolators, food, water, and bedding were autoclaved before use. All mice, except those in group 6, were immunosuppressed with DEXp (16 g/ml; Sigma-Aldrich Chemical Co., St. Louis, Missouri) provided ad libitum in the drinking water for the duration of the experiment (Yang et al., 2000) . After 4 days of immunosuppression, mice were orally challenged with 1 oocyst (group 1, 10 mice), 3 oocysts (group 2, 5 mice), 10 oocysts (group 3, 5 mice), or 1,000 oocysts (group 4, 4 mice) of C. meleagridis. Mice in group 5 (4 mice) served as the immunosuppressed, uninoculated control group. Mice in group 6 (4 mice) served as the nonimmunosuppressed control group and were orally inoculated with 1,000 oocysts. The C. meleagridis TU1867 isolate was originally isolated from a Ugandan child with cryptosporidiosis (Akiyoshi et al., in press ). This isolate was propagated by several passages in newborn poults of turkey and then in chicken, from which oocysts were purified and used as inoculum for this study. The oocysts were purified as described by Yang et al. (2000) . The procedure of singleoocyst isolation was a modification of the gel-capture technique of Shirley and Harvey (1996) . Briefly, oocysts were serially diluted to 1,000 oocysts/ml in sterile water. The suspension was pipetted onto a slide in a volume of 1 l for a quick microscopic observation. After the presence of 1 oocyst per slide was confirmed using phase-contrast microscopy, 12 l sterile distilled water was immediately added to overlay the oocyst and mixed by pipetting the suspension several times. Suspensions containing 1 oocyst were used to orally inoculate each mouse. The removal of the single oocyst from the slide was confirmed by phase-contrast microscopy. The same procedure was used for the 3 and 10 oocyst doses.
Mice were monitored daily for infection for 18 days postinoculation (PI). A fecal pellet from each mouse was collected daily per rectum starting on day 3 PI and smeared onto a microscope slide, and the oocysts were enumerated by microscopic examination after modified acid-fast staining (Tzipori et al., 1994) . Fecal pellets from each mouse (from day 3 PI to the end of the experiment) were also collected daily. Table I summarizes the results of the study of oocyst dose versus infectivity. Five of 10 mice inoculated with a single oocyst (group 1) and 4 of 5 mice inoculated with 3 oocysts (group 2) developed patent infections. All the mice inoculated with either 10 (group 3) or 1,000 (group 4) oocysts became infected. The uninfected group (group 5) and the nonimmuno- FIGURE 2. The PCR-RFLP analysis of COWP fragments from mouse-propagated Cryptosporidium meleagridis TU1867. Polymerase chain reaction amplification of the 553-bp COWP gene fragment using primers cry15/cry9 was performed as described previously (Spano et al., 1998) . Positive (genotypes 1 and 2) and negative (buffer only; not shown) controls were included in each set. Restriction fragment length polymorphism analysis was performed by restriction digestion of the PCR fragments with RsaI, separation of the resulting fragments by electrophoresis on a 15% polyacrylamide TBE gel, and detection with ethidium bromide. Expected fragment sizes are 372, 147, and 34 bp for C. meleagridis; 284, 129, 106, and 34 bp for C. parvum genotype 1; and 413, 106, and 34 bp for C. parvum genotype 2 (Pedraza- Díaz et al., 2000) . Samples are as follows: lanes 1 and 9, molecular weight marker (100-bp ladder, Promega Corp., Madison, Wisconsin); lane 2, C. parvum genotype 1, RsaI-digested product; lane 3, C. meleagridis RsaI-digested product from the human patient 1867; lane 4, C. meleagridis RsaI-digested product from the inoculum (chick-derived); lanes 5 and 6, C. meleagridis RsaI-digested products from different mice infected with a single oocyst; lane 7, C. parvum genotype 2 RsaI-digested product; and lane 8, C. parvum genotype 2 uncut PCR product. FIGURE 1. Comparison of the intensity of oocyst shedding among immunosuppressed mice infected with different numbers of Cryptosporidium meleagridis TU1867 oocysts. Oocyst shedding was monitored by microscopic examination of fecal smears after modified acid-fast staining. The number of oocysts in 30 high-power fields was counted for each mouse, and a mean oocyst shedding number was calculated for each group. Mice were orally inoculated with a single oocyst (-• -), 3 oocysts (-Ⅲ -), 10 oocysts (-⅙ -), or 1,000 oocysts (-▫ -). Only 5 of the mice inoculated with a single oocyst shed oocysts, with 1 mouse starting on day 6 PI and the remaining 4 mice on day 7 PI. Mice inoculated with 3 oocysts started shedding on day 6 PI (2 mice) and the remaining 3 mice on day 7 PI. All mice inoculated with 10 or 1,000 oocysts started shedding on day 6 PI or day 5 PI, respectively. All mice continued to shed oocysts until the termination of the experiment.
suppressed group (group 6) remained free of oocysts throughout the experiment. Only 1 mouse from group 4 died on the last day of the experiment. The pattern of oocyst shedding in the feces is shown in Figure 1 , where mice receiving 1,000 oocysts (group 4) were the first to excrete oocysts beginning on day 5 PI, followed by mice receiving 10 oocysts (group 3) on day 6 PI, and mice inoculated with either 1 (group 1) or 3 (group 2) oocysts on day 7 PI. Although the number of oocysts excreted fluctuated over the 18 days PI, no difference in the number of oocysts was observed among the animals in the 4 groups. Our results demonstrate the potential of these mice to serve as a model to investigate C. meleagridis in addition to serving as a host for the continuous propagation of this pathogen for laboratory investigations.
Because neither the susceptibility nor the oocyst morphology is a criterion for distinguishing Cryptosporidium species, including C. meleagridis and C. parvum, identification of these species must be confirmed genetically. Therefore, the inoculum and oocysts excreted by the mice were genotyped using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) of the Cryptosporidium outer wall protein (COWP) as described previously (Spano et al., 1998) . Deoxyribonucleic acid was extracted from oocysts as described previously (Spano et al., 1998) . The COWP PCR-RFLP profiles of the inoculum used to challenge the mice and of the oocysts recovered from infected mice after challenge are shown in Figure 2 . The fragment sizes are identical to those previously reported for C. meleagridis and are distinct from those of C. parvum genotypes 1 and 2 (Pedraza-Díaz et al., 2000) .
Cryptosporidium meleagridis, unlike other known Cryptosporidium species, is able to cross the vertebrate class barrier. Recent studies have shown that C. meleagridis can infect several species of mammals (reviewed in Sreter and Varga, 2000) , including humans (Pieniazek et al., 1999; Morgan et al., 2000; Pedraza-Díaz et al., 2000; Sreter et al., 2000; Guyot et al., 2001; D. Akiyoshi et al., unpubl. data) , pigs (D. Akiyoshi and S. Tzipori, unpubl. data) , and mice (Sreter et al., 2000; D. Akiyoshi and S. Tzipori, unpubl. data) . The present study confirms the permissiveness of immunosuppressed adult C57BL/6 mice to infection with as few as 1 C. meleagridis oocyst, which is also the minimum number of C. parvum genotype 2 oocysts required to produce patent infection (Yang et al., 2000; Feng et al., 2002) . The ability to infect mice with a single oocyst suggests that mice and possibly other mammalian species including humans are as susceptible to this avian Cryptosporidium species as they are to C. parvum. Deoxyribonucleic acid from oocysts excreted by the mice was extracted and analyzed by COWP PCR-RFLP, which confirmed that the infections were attributed to C. meleagridis. The DNA analysis also demonstrated the genetic stability and purity of the C. meleagridis isolate because it was passaged from an avian to a mammalian species. Although to date, there are no references regarding the ID 50 of C. meleagridis in animals, there are many reports concerning the infectivity of C. parvum in mice. The ID 50 of C. parvum ranges from 60 to 1,000 oocysts depending on the age and species of the mouse (Ernest et al., 1986; Riggs and Perryman, 1987; Korich et al., 1990; Finch et al., 1993; Aguirre et al., 1994) for nonimmunosuppressed mice but decreases to 1.8 oocysts for immunosuppressed mice (Yang et al., 2000) . In the present study, the ID 50 of C. meleagridis was 1 oocyst, which is the same as that of several C. parvum genotype 2 isolates in ␥GKO mice (S. Rich and S. Tzipori, unpubl. data).
Whereas nonimmunosuppressed C57BL/6 mice were not susceptible to infection, even at a dose of 1,000 oocysts, immunosuppressed C57BL/6 adult mice were very sensitive to infection by C. meleagridis. Although only 50% of the mice challenged with a single C. meleagridis oocyst became infected in this experiment, the infectivity was significantly higher than that reported for single-oocyst infections of C. parvum genotype 2 in the same mouse model (17%; Yang et al., 2000) . Yang et al. (2000) discussed several possible explanations for the low infectivity, including loss of the single oocyst initially observed on the slide during the inoculation process, the failure of the oocyst to reach the small intestine, or the nonviability of the oocyst, which can also apply to our single-oocyst infections. In the present study, the prepatent period was 5 days for C. meleagridis in immunosuppressed adult C57BL/6 mice inoculated with 1,000 oocysts per mouse but increased to 6-7 days when the mice were inoculated with 10 or fewer oocysts, which is comparable to the prepatent periods reported for C. parvum in the same mouse model (Yang et al., 2000) . The observed longer prepatent period for the lower doses is likely attributed to the longer time period required for the amplification of the parasites to a level that is detectable in the feces by microscopic examination. However, once oocysts were detected, the intensity and duration of oocyst shedding by mice in the different groups were indistinguishable from one another.
The mouse model has become an indispensable tool for laboratory investigations associated with cryptosporidiosis. This is significant because in vitro cultivation of Cryptosporidium spp. is very limited. The ability to use the mouse for studying C. meleagridis, a species infectious to humans, will permit comparative studies with other Cryptosporidium species and genotypes. In particular, the adult C57BL/6 mouse model has several advantages over other mouse models, including their commercial availability and the fact that the cost per mouse is about oneseventh that of a ␥GKO mouse. More importantly, the numbers of C. meleagridis oocysts excreted by the immunosuppressed adult C57BL/6 mice were significantly higher than of those shed by ␥GKO mice or chicks (D. Akiyoshi and S. Tzipori, unpubl. data) . The oocyst yields from ␥GKO mice or chicks averaged approximately 1-6 ϫ 10 6 oocysts per animal compared with Ͼ10 8 oocysts per immunosuppressed adult C57BL/6 mouse (data not shown). Similar yields were obtained by Sreter et al. (2000) when immunosuppressed C57BL/6 mice were inoculated with 10 6 C. meleagridis oocysts. Our low oocyst yields from chickens were consistent with reports from other laboratories (Lindsay, 1997; Sreter et al., 2000) . Whereas comparable oocyst yields (1-3 ϫ 10 8 ) can be obtained by propagation in gnotobiotic piglets, the cost of maintaining them is significantly greater and few laboratories have the facilities and equipment to house gnotobiotic piglets. In conclusion, the results of this study suggest that the immunosuppressed adult C57BL/ 6 mouse is a highly permissive and sensitive host for the clonal propagation of C. meleagridis isolates.
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